In methanogenic sediments from a petroleum-contaminated aquifer, [ 14 C]benzene was converted to 14 CH 4 and 14 CO 2 without an apparent lag. Phenol, acetate, and propionate were intermediates in benzene mineralization. These results suggest that alternative electron acceptors need not be available for there to be significant natural attenuation of benzene in some petroleum-contaminated aquifers.
The development of rational strategies for the remediation of petroleum-contaminated aquifers requires an understanding of the ability of microorganisms to degrade the aromatic hydrocarbon contaminants. Of greatest concern is benzene, due to its toxicity and water solubility. It is well known that aerobic microorganisms can degrade benzene and other aromatic hydrocarbons and limit the spread of benzene plumes in the subsurface (16) . However, many petroleum-contaminated aquifers contain extensive anaerobic zones, especially near the source of contamination (3, 8) . Previous studies have indicated that microbial populations in aquifer sediments may be adapted for anaerobic benzene degradation, but benzene degradation took place only after long adaptation periods and/or after various amendments were made to stimulate microbial activity (7, 12, 14, 15, 19, 20) . Thus, it did not appear that benzene was being degraded under anaerobic conditions in situ.
Sediment sampling and incubation. In order to further evaluate the potential for anaerobic degradation of benzene in petroleum-contaminated aquifers, benzene degradation was investigated in an aquifer located in Ponca City, Okla., that has been contaminated with aromatic hydrocarbons for over 50 years. At the sampling site, benzene, which is typically at concentrations of 130 to 640 M, was the principal aromatic hydrocarbon in the groundwater. Sediments were collected at a depth of 2 to 3 m with a hand auger (ca. 7.6 cm in diameter) and placed in canning jars. In order to exclude oxygen, the bottles were completely filled with anaerobic groundwater delivered to the surface with a peristaltic pump. The samples were shipped by overnight carrier to the laboratory. Sediments (ca. 30 g) were loaded into serum bottles (50 ml) under N 2 in a glove bag. The bottles were sealed with thick butyl rubber stoppers, removed from the glove bag, and then flushed with N 2 -CO 2 (93:7) that had been passed over heated copper filings to remove any traces of O 2 . Additional sediment aliquots (ca. 750 ml) were transferred in a similar manner to 1-liter bottles and refed benzene when they became benzene depleted. These provided a source of sediments for subsequent studies. Rates of benzene degradation were measured by adding 0.3 to 0. Parallel studies in which [2-14 C]acetate was added to the sediments further confirmed that methane production was the predominant terminal electron-accepting process (TEAP), as 14 CH 4 accounted for 83% of the radiolabel recovered as 14 CH 4 and 14 CO 2 . Geochemical evidence obtained with previously described methods (9) also suggested that methanogenesis was the predominant TEAP, as the groundwater contained high concentrations of dissolved methane (675 M), Fe(II) (339 M), and Mn(II) (140 M). No sulfate or nitrate was detectable by ion chromatography. Furthermore, over 90% of the total iron (21.1 mol/g) that could be extracted from the sediments with 0.5 N HCl (11) 14 C-labeled compounds might not be exactly the same as that predicted from balanced redox reactions. Alternatively, there might have been some other, as yet unidentified, minor TEAP taking place simultaneously with methanogenesis. However, this latter alternative is not supported by the finding that similar percentages of 14 CH 4 were recovered even after long-term incubations of the sediments with repeated feedings of benzene that would be expected to deplete alternative electron acceptors from the sediments.
In methanogenic environments, many aromatic compounds are partially metabolized to extracellular fatty acids and H 2 , which are then metabolized to methane (6, 17) . To determine whether benzene was metabolized to extracellular intermediates prior to complete conversion to methane and carbon dioxide, isotope trapping studies were conducted. In this approach (10) Sediments (5 ml) were added to anaerobic pressure tubes, and some of the tubes were amended with potential extracellular intermediates from anaerobic stock solutions at concentrations that would increase the estimated size of the pool of the potential intermediates by 10-to 100-fold. The addition of benzoate (200 M added), p-hydroxybenzoate (200 M), or butyrate (100 M) had no effect on mineralization of added [ 14 C]benzene (Fig. 2) . However, added phenol (20 M), acetate (1 mM), and propionate (100 M) greatly inhibited benzene mineralization, suggesting that these compounds could be intermediates in benzene degradation. To further evaluate this, the sediments with no added isotope traps from the study summarized in Fig. 2 were centrifuged after 8 h of incubation in order to collect the pore water. Aromatic compounds and fatty acids in the pore water were separated by high-performance liquid chromatography, and fractions representing the potential intermediates were collected as described previously (10) . Radiolabel was recovered in the phenol, acetate, and propionate pools at levels equivalent to 51%, 50%, and 21% of the [ 14 C]benzene that had been mineralized to 14 CH 4 and 14 CO 2 at the time of pore water collection. These results demonstrate that phenol, propionate, and acetate are important extracellular intermediates in benzene degradation in these methanogenic sediments.
The metabolism of benzene through the extracellular intermediates phenol, acetate, and propionate contrasts with the finding that phenol and acetate were not detected as extracellular intermediates in benzene degradation coupled to sulfate reduction in either marine or freshwater sediments (10, 19) . Propionate was not evaluated as a potential extracellular intermediate in those studies. A previous study demonstrated that phenol was formed from benzene in anaerobic enrichment cultures in which methanogenesis was considered to be the TEAP (5, 18). However, in those studies benzene mineralization was minor, with less than 6% of the added [
14 C]benzene being converted to 14 CO 2 . Conclusions. This is the first report of rapid conversion of benzene to methane and carbon dioxide in methanogenic aquifer sediments. The fact that benzene was degraded without a lag suggests that the microbial population was adapted for benzene degradation and that benzene was being degraded in situ. In a previous study, slurries constructed with aquifer sed- iments were found to convert benzene to methane and carbon dioxide, but only after a lag period of over 400 days (7) . The long lag period in that study suggested that the microbial population had to be adapted for benzene degradation and raised doubts about whether benzene was actually being metabolized in situ. In a related study, benzene disappearance was observed in aquifer material which was considered to be methanogenic (20) . However, data demonstrating that methanogenesis was the predominant TEAP were not provided and the fate of the benzene that disappeared was not determined. Furthermore, there was a lag period of over 140 days prior to benzene loss, which suggested that the microorganisms in the sediment were not adapted for benzene degradation at the time of collection. Other studies have found that benzene persists under methanogenic conditions in aquifer sediments or enrichment cultures established with aquifer sediments (1, 4, 12) .
Several factors may be contributing to the active methane production from benzene in the aquifer sediments investigated here. One factor is that the sediments at this site have a long history of exposure to relatively high concentrations of benzene. The finding that benzene degradation under methanogenic conditions is likely to require the cooperation of a microbial consortium may mean that a significant period of time is required for the appropriate consortium to develop. Furthermore, these studies were conducted with minimal disturbance of the sediments, whereas previous studies have significantly diluted the aquifer sediments with groundwater, enrichment media, or water. Such dilution may disturb the potentially delicate consortia required for benzene mineralization. Now that it is recognized that benzene can be degraded in the methanogenic zone of petroleum-contaminated aquifers, it will eventually be important to determine if this is a common phenomenon. The depletion of alternative electron acceptors, such as nitrate, Fe(III), and sulfate, as the result of microbial metabolism may leave methanogenesis as the predominant TEAP in large zones of heavily contaminated aquifers (3, 8) . Estimates of the rates at which naturally occurring microbial activity can remove aromatic hydrocarbons from petroleumcontaminated aquifers are generally based on the assumption that benzene will only be degraded under aerobic conditions. However, in aquifers in which benzene is degraded under methanogenic conditions, benzene mineralization may be faster than would be calculated for aerobic degradation alone. Recent studies (2) have demonstrated that benzene may also be degraded under Fe(III)-reducing conditions in some petroleum-contaminated aquifers, further enhancing the removal of benzene under anaerobic conditions. Thus, the possibility of anaerobic benzene degradation should be considered when assessing the time necessary for natural attenuation to remediate petroleum-contaminated aquifers.
